Biquadratic Exchange Coupling in Epitaxial Co2MnSi/Cr/Fe Trilayers by 高梨  弘毅
Biquadratic Exchange Coupling in Epitaxial
Co2MnSi/Cr/Fe Trilayers
著者 高梨  弘毅
journal or
publication title







2620 IEEE TRANSACTIONS ON MAGNETICS, VOL. 44, NO. 11, NOVEMBER 2008
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Interlayer exchange coupling (IEC) behavior in epitaxial Co MnSi (20 nm)/Cr/Fe (7 nm) trilayers has been investigated against Cr
spacer thickness (     0.3–6.3 nm). High-quality trilayer samples have grown on a Cr (5 nm)/Au (30 nm)/Cr (15 nm) buffer layer
on a MgO substrate by ultrahigh vacuum (UHV) compatible dc sputtering method. A simple numerical simulation model has been
used to explain magnetization process, which shows good agreement with the experimental    curves. The values of bilinear and
biquadratic coupling energy ( and ) and the cubic anisotropy energy of Co MnSi and Fe (  and ) have been determined
uniquely from the simulations. As a result, we have found a dominating contribution of biquadratic (90 ) coupling and absence of bilinear
(180 ) coupling in all the samples with nonferromagnetic coupling. It has also been found that, the energetical competition between 90
coupling energy and anisotropy energy largely affects the magnetization process due to different easy directions of bottom Co MnSi
 and Fe .
Index Terms—Biquadratic coupling, half-metals, Heusler alloys, interlayer exchange coupling, spin polarization.
I. INTRODUCTION
SINCE the discovery of interlayer exchange coupling (IEC)in ferromagnetic films through a nonmagnetic spacer layer,
our knowledge of magnetic interactions at nanoscale has largely
been enriched. The knowledge of IEC is very important to con-
trol the magnetic behavior in a lot of spintronics devices, such
as MRAM, reading heads, etc. For the last few decades, there-
fore, IEC in transition metal based ferromagnets has extensively
been studied [1], [2].
Materials with high spin polarization, so-called half-metals,
have attracted much attention in recent years because of their
potential applications in enhancing the MR ratio and spin
injection efficiency [3]. Cobalt-based full-Heusler alloy such as
Co Mn ( Si, Ge, etc.) is a prospective candidate among
the half-metals due to their high Curie temperatures well above
room temperature (RT) [4]. We reported enhancement of the
resistance change area product in a previous study
of CPP-GMR in epitaxially grown Co MnSi (CMS)/Cr/CMS
trilayers [5]. However, there are only a few studies on the
IEC behavior so far [6], [7], and the knowledge of IEC in
half-metallic full-Heusler layers through a nonmagnetic spacer
is limited. Recently, we have reported strong 90 coupling
1.85 erg/cm with a large oscillation period (3.3–3.5
nm) in epitaxial CMS/Cr/CMS trilayers [8], [9], and no bi-
linear-type antiferromagnetic coupling in all the
samples. This type of IEC behavior has never been observed in
a large number of studies on IEC to date and the origin of this
novel behavior is still unclear. It is interesting to investigate
whether there is any relation between half-metallicity, i.e.
spin-polarization and IEC or not, and a systematic study is
required. The aim of this present study is to investigate the IEC
behavior between half-metallic full-Heusler alloy CMS and
conventional transition metal Fe (layers) through a nonferro-
magnetic Cr spacer with 0.3–6.3 nm.
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II. EXPERIMENTAL DETAILS
Samples with Cr/Au/Cr/Co MnSi/Cr/Fe/Au-cap structure
were prepared by UHV-compatible dc sputtering method
( Pa) on a MgO(001) substrate. In this stacking
structure, lattice misfits of (001)-plane between neighboring
layers are less than 4%. Therefore, epitaxial condition of
MgO CMS Cr Fe
can be obtained. First Cr(5 nm) and Au(30 nm) buffer
layers were deposited at RT and annealed at 300 C for 1 h to
improve the surface flatness. After the deposition of another
Cr(15 nm) buffer layer, Co MnSi(20 nm) was deposited at RT
and then annealed at 300 C for 1 h. A Cr spacer and
top FM layer of Fe (7 nm) were deposited at RT and were not
annealed to avoid interdiffusion between them. Finally, 3 nm of
Au was deposited as a capping layer. Co Mn Si alloy target
was used in preparing a bottom CMS layer and the composition
of CMS film was determined by inductively coupled plasma
(ICP) analysis to be Co:Mn:Si 55:25:20 (at.%). The X-ray
diffraction patterns exhibited that the CMS layer was grown
epitaxially with (001) orientation. The intensity of superlattice
reflection peaks indicated that CMS layer is a -structure with
partial ordering. It should be noted that the average surface
roughness observed from AFM images was less than 0.45
nm in all samples, which means interfacial roughness does
not affect the dependence of IEC so much. The magnetic
properties were measured by vibrating sample magnetometer
(VSM) at RT with applying the magnetic field along the CMS
direction, which is the easy magnetization direction for
CMS.
III. NUMERICAL SIMULATION
Three major energy expressions, the magnetic anisotropy en-
ergy , Zeeman energy , and the exchange coupling en-
ergy have been considered in simulating the – curves
as those in our previous study in CMS/Cr/CMS trilayers [8]. The
expression for the total energy is
(1)
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where
Here, , , and are the
first-order cubic magnetocrystalline anisotropy constant, the
saturation magnetization, and the thickness of CMS (Fe) ferro-
magnetic layers, respectively. is the applied magnetic field.
(or ) is the angle between the direction of and the mag-
netization of CMS (or Fe) layer. is the relative angle
between two ferromagnetic layers. The in the expression of
indicates different easy magnetization directions of CMS
and Fe ( for CMS and for Fe). and are the
bilinear and biquadratic coupling energy terms, respectively.
Positive leads to a ferromagnetic coupling state, while
negative and negative corresponds to 180 and 90 con-
figurations, respectively. For simulating magnetization curves,
the minimization of the total energy of (1) is considered.
In comparison with CMS/Cr/CMS-trilayers, the simulation of
– curves for CMS/Cr/Fe-trilayers is not so simple because
of the different easy directions of CMS and Fe. The saturation
magnetizations and are easily determined to be 890
and 1661 emu/cc, respectively, by measuring the – curves
for single CMS layer and trilayer structures. The estimated re-
manence ratios obtained from (these) and
are 0.21 in 180 configuration and 0.60 for 90 configuration.
It should be noted here that, in this study, we have never ob-
served smaller ratio than 0.60 in all prepared samples
(see Fig. 3(b)), which strongly indicates a contribution of 90
coupling (negative ) is dominant in CMS/Cr/Fe trilayers as
well as a previous study on CMS/Cr/CMS-trilayers [8], [9]. It
is reasonable to consider no 180 coupling contribution (i.e., no
contribution of negative ) in our present observation. Fig. 1
shows the – curves for the sample CMS(20 nm)/Cr(0.3
nm)/Fe(7 nm), where external magnetic field is applied along
the easy CMS and easy Fe directions. When is
applied along the easy CMS direction (the hard direction
of Fe), CMS and Fe magnetic moments are aligned along the
CMS direction at due to the ferromagnetic cou-
pling. When is applied along easy Fe direction (the
hard direction of CMS), the curve shows a bending structure
at low field region ( 100 Oe) due to the expense of CMS
anisotropy energy. It is clear from the Fig. 1 that anisotropy
energy of CMS is greater than that of Fe (i.e.
), and the best simulation results have been observed
in erg/cm and erg/cm
( 0.06 erg/cm , 0.049 erg/cm ). Then
we apply these determined values to evaluate all the samples.
All the magnetization curves are then simulated only by regu-
lating the interlayer exchange coupling strength .
IV. RESULTS AND DISCUSSIONS
Fig. 2 shows the experimental (open circles) and simulation
(solid lines) results of – loops for the CMS/Cr/Fe tri-
Fig. 1.   loops of CMS(20 nm)/Cr(0.3 nm)/Fe(7 nm) trilayer with magnetic
field applied along easy CMS and easy Fe directions, respectively.
layers with different Cr thicknesses (0.3. 0.6, 1.5, and 6.3 nm).
The simulations for each sample suggests that the magnetic
moments of top Fe and bottom CMS layers at remanent state
have different relative alignments, due to energy competition
between the exchange coupling energy and the anisotropy
energy.
In the sample with 0.3 nm (Fig. 2(a)), observed
ratio is , means that magnetic moments of both
top Fe and bottom CMS layers are aligned along the easy
direction of CMS (i.e. ) at 0 Oe due to
strong ferromagnetic coupling. and cannot be determined
exactly by this simple model. However, it is reasonable to
consider that positive contribution is larger than
and is nearly . In the sample with 0.6 nm, the
saturation field becomes about 200 Oe and
as shown in Fig. 2(b). This behavior can be simulated only
by putting a small contribution of 0.012 erg/cm
which is much smaller than the total anisotropy energy
0.109 erg/cm . Due to the
different easy directions of CMS and Fe layers, the competition
between the weak 90 coupling energy and the anisotropy
energy results in the alignment of two magnetic moments
57 with respect to each other at .
The sample with 1.5 nm shows a maximum of
about 3 kOe and a minimum of 0.62 (Fig. 2(c)) in
this series of samples. As already mentioned, this minimum
ratio cannot be obtained by adding any contribution of
antiferromagnetic coupling, which means that 90 coupling is
dominant and only is needed to be taken into simulations.
The – curve in Fig. 2(c) can be fitted by putting strong
contribution of 1.0 erg/cm . This much larger value of
than results in 90 alignment of Fe and
CMS moments , where Fe moments are aligned
along its hard direction 90 due to strong contri-
bution. Fig. 2(d) shows the curves for 6.3 nm, where
the value of becomes about 500 Oe and the ratio
is . The – loop is fitted using 0.110 erg/cm ,
which is comparable to 0.109 erg/cm . It is found from
simulation results that the alignment angle between the top Fe
and bottom CMS is slightly curved from 90 and becomes 84
84 .
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Fig. 2. Some typical  – loops of CMS 20 nmC  nmFe 7 nm trilayers with  equal to (a) 0.3 nm, (b) 0.6 nm, (c) 1.5 nm, and (d) 6.3 nm. Open
circles and the solid lines represent the experimental and simulation results, respectively.
Fig. 3. Interlayer thickness    dependence of  (a) and    and 
 (b) are plotted for CMS/Cr/Fe trilayers. The dotted line represents the total
anisotropy energy .
In Fig. 3, the values of , the , and from
the fitting curves are plotted against the spacer thickness
for the whole study. The dotted line in Fig. 3(a) represents the
total anisotropy energy . When the coupling strength is much
stronger than the total anisotropy energy the two FM layers are
aligned perfectly in 90 orientations with respect to each other
and the ratio has a fixed value of in these points
as observed in 0.9–2.1 nm. However, when is com-
parable to or greater than ( 0.6, 2.4–6.3 nm), the Fe
and CMS moments have relative angles less than 90 because of
the energy competition, i.e., anisotropy energy is trying to keep
them aligned along their easy magnetization directions while
90 coupling energy is competing for 90 alignment. Interest-
ingly, there is no clear periodic oscillation behavior of , only
a peak of at 1.5 nm has been observed. In thicker Cr
region ( 2.4 nm) the value of decays very slowly,
even at 6.3 nm contribution of is quite significant.
Nevertheless, there is no comprehensible indication for second
peak in the thicker spacer region. It is noteworthy that, when
we have studied IEC in a Fe (20 nm)/Cr(1 nm)/Fe(7 nm) tri-
layer, only bilinear type 180 coupling ( 0.76 erg/cm ,
) has been observed. Very recently, we have reported a
study of IEC in CMS 20 nm V nm CMS 7 nm trilayers
with 0.7–5 nm [10]. No nonferromagnetic type coupling
behavior has been observed throughout the whole study. There-
fore, a dominant contribution of 90 coupling appears only in
the trilayers with a CMS layer and Cr spacer. The electronic
structure of CMS has a unique specialty in comparison to that
of conventional transition metals because of its finite energy
gap in the down spin channel at the Fermi level. Moreover, ac-
cording to Slonczewski’s prediction in “proximity magnetism
of a spacer,” especially Cr is not a nonmagnetic spacer element
and consideration of its spin density waves in IEC is imperative
[11]. There might be an influence of Cr magnetic property on
such strong IEC strength as well. All of the present theoretical
models reciting the IEC behavior are mainly based on the band
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structures of transition metal ferromagnets [12], [13]. There-
fore, this is a theoretical challenge to investigate whether there
is any relation between half-metallicity and IEC behavior or not.
Presently, as a part of systematic study, we are investigating the
IEC behavior of trilayers based on the CMS having different
chemical ordering. Some theoretical calculations predicted that
half-metallicity of Co-based Heusler alloys largely depends on
the degree of chemical ordering [14], [15]. It is expected that
the relation between the observed novel IEC behavior and the
half-metallicity can be investigated more clearly in this ongoing
study.
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